The isocoumarins are naturally occurring lactones that constitute an important class of natural products exhibiting an array of biological activities. A wide variety of these lactones have been isolated from natural sources and, due to their remarkable bioactivities and structural diversity, great attention has been focused on their synthesis. This review article focuses on their structural diversity, biological applications, and commonly used synthetic modes.
Introduction
The coumarins 1 are naturally occurring compounds having a fused phenolactone skeleton. Coumarin 1 was first extracted from Coumarouna odorata (tonka tree). 1 The isocoumarins 2 and 3,4-dihydroisocoumarins 3 are the isomers of coumarin 1. A number of substituted isocoumarins have been found to occur in nature; however, the unsubstituted isocoumarins have not been observed to occur naturally. Furthermore, sulfur, selenium, and tellurium analogues 4a-4c have also been known since early times ( Figure 1 ). The isocoumarins and their analogues occur in nature as secondary metabolites (i.e. produced by living beings in response to external stimuli) of plants and lower microorganisms. A few isocoumarins are also extracted from insect pheromones and venom. These lactones are structural subunits of several natural products and serve as useful intermediates in the synthesis of different heterocyclic molecules. The isocoumarins have been found to exhibit beneficial (e.g., antitumor, antileukemic, antiviral, and antimicrobial 2 ) as well as toxic biological activities; for example, ochratoxin A 5 is a potent mycotoxin produced by Aspergillus and Penicillium species, which is hepatotoxic, nephrotoxic, teratogenic, and carcinogenic in animals.
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Due to the pharmacological and biochemical properties and the therapeutic applications of isocoumarins and 3,4-dihydroisocoumarins, research concerning the isolation and syntheses of isocoumarins has caught the attention of many organic chemists, which is reflected by the large number of review articles that have been published on isocoumarins. For example, Barry, 4 Turner and Aldridge, 5 Napolitano, 6 Bin, 7 and Saeed 8 published reviews about isocoumarins and 3,4-dihydroisocoumarins.
Nomenclature
The name "isocoumarin" is derived from the fact that these compounds are isomers of coumarins 3. The IUPAC names of isocoumarins 1 and their 3,4-dihydroanalogues 2 are 1H-2-benzoxin-1-ones and 3,4-dihydro-1H-2-benzoxin-1-ones, respectively. In the literature no proper nomenclature exists for isocoumarins and 3,4-dihydroisocoumarins. Generally, the trivial names derived from specific or generic names of fungal or plant sources are used for naturally occurring isocoumarins and their 3,4-dihydroanalogues. 8 Names such as alternariol (Alternaria sp.), peniolactol (Peniophora sanguinea), cladosporin (Cladosporium sp.), and homalicine (Homalium zeylancum) are common examples of the names derived from genera and mellein (Aspergillus melleus), ustic acid (A. ustus), and duclauxin (P. duclauxi ) are examples of names derived from specific names.
Most of the trivial names of isocoumarins end in suffixes such as -in, -ol, -one, -ide, -oic acid, or anhydride depending on the nature of the functional group present. Some examples are artemidin, altenuisol, oospolactone, agrimonolide, ustic acid, β -callatolic acid, lamellicolic anhydride, and naphthalic anhydride.
Pharmacological importance
The isocoumarins and 3,4-dihydroisocoumarins are an important class of naturally occurring lactones isolated from different bacterial strains, molds, lichens, and plants. They show a wide range of biological activities, ranging from antibacterial to antitumour.
9−11 Significant work has been published about their biology and chemistry. Some of the selected biological activities are discussed here.
Amicoumacin A 6 and C 7 have been found to show antiulcer, antibacterial, and antiinflammatory activities. 12 Baciphelacins 8 have good potential for the treatment of bacterial and viral infections. 13, 14 Among dihydroisocoumarins, PM-94128 9 15 and Y-05460M-A 10 16 have been found to exhibit antiulcer activity in addition to antibacterial and antitumor activities ( Figure 2 ).
The activity of PM-94128 9 was examined against four different tumor cell lines including P-388 (lymphoid leukemia), A-549 (human lung carcinoma), HT-29 (human colon carcinoma), and MEL-28 (human melanoma) in the 50 nM activity range.
17 Amicoumacin Sg17-1-4 11 isolated from a marine fungus, Alternaria tenuis Sg17-1, shows cytotoxic activity against HeLa cell lines ( Figure 2 A series of structurally related isocoumarins known as A1-77s are a small family of antibiotics isolated from a culture broth of Bacillus pumilus A1-77 (found in the gut of Coenagrion dragonfly larvae and also produced by Nocardia jinanesis) (Figure 3) . 19 The structural feature of A1-77s comprises a dihydroisocoumarin moiety connected to different acyl hydroxy amino acid chains. AI-77-B is the most abundant compound of the amicoumacin family. It is also known as amicoumacin B 13, which is a major product of the fermentation process and has been found to exhibit potent gastroprotective β -amino acid 18.
25 Amicoumacin B 13 shows antiinflammatory (rats), antiulcer (human stomachs), and herbicidal (Lemna) activities and is also used as an acaricide. 26 Besides its unique structure and its characteristic biological activity, its therapeutic potential is limited because of poor oral absorption properties. As a result, structural modifications and synthetic studies of AI-77-B have attracted a great deal of attention from synthetic chemists.
27−30
Bergenin 19, 31 isolated from Flueggea microcarpa and Flueggea virosa, and an isocoumarin coriandrin 20, 32 isolated from Coriandrum sativum, have been found to show anti-HIV activity ( Figure 4 ). In addition to anti-HIV, bergenin 19 also possesses antiulcer 33 and antihepatotoxic activity. 34 It was observed that 19, extracted from the aboveground parts of Flueggea virosa, was proved to have good potential to treat cardiac arrhythmias. 35 The one isolated from Flueggea microcarpa showed antifungal activity against several plantpathogenic fungi. form an intramolecular bridge of a hydrogen bond. It has been found that the rate of cytotoxicity depends on the presence and position of hydroxyl group in the isocoumarin framework. 37 Thunberginol B 22a-22b, naturally occurring isocoumarins, also show anticancer effect ( Figure 5 ). In addition, thunberginol B has been found to have antiallergic, antimicrobial, antioxidant, and choragic activities. showed antiallergic effects ( Figure 6 ). Inhibitors are the chemical substance that reduces the activity of enzymes by blocking the active sites of enzymes. Serine proteases are essential inhibitors that play significant roles in various physiological processes such as blood coagulation, digestion, viral infection, fibrinolysis, and fertilization. They can also be lethal if they are uncontrolled. They can cause various diseases such as tumors, cerebral infection, emphysema, vascular clotting, arthritis, and bronchial inflammation. It is thus necessary to introduce a variety of selective inhibitors for the treatment of diseases related to serine proteases.
41
The chloro-and amino-substituted isocoumarins, e.g., 3-bromoalkoxy-4-chloro-7-benzamidoisocoumarins 26, are well-known compounds for the development of uncharged inhibitors of urokinase-type plasminogen activator (uPA) (Figure 6 ). They have important contributions to the extracellular proteolytic events associated with tumor cell growth, migration, and angiogenesis. 42 The aminoalkoxy-and guanidino-substituted isocoumarins 27 have also been found as powerful inhibitors of blood coagulation serine proteases ( Figure 6 ).
43
Various derivatives of isocoumarins and 3,4-dihydroisocoumarins were screened for their antibiotic activity. Among the substituted isocoumarins, the 8-hydroxylisocoumarins 28, 6,8-dihydroxy-3-(4-hydroxyphenyl)- Malaria is a potentially fatal blood disease of tropical climate areas. It is caused by eukaryotic protists of the genus Plasmodium. Plasmodium is present in the body of humans and an animal host, the Anopheles mosquito, and is transferred to human blood by the bite of infected Anopheles mosquitoes. The most common drug prescribed for malaria patients is chloroquine, but some derivatives of 3,4-dihydroisocoumarin, mullein 37a-37d, produced by Botryosphaeria rhodina, an endophytic fungus, show effective antimalarial activity (Figure 9) . 47 Some isocoumarin derivatives, 8-hydroxy-6-methoxy-3-pentyl-1H-isochromen-1-one 38a-38b 48, 49 and halorosellins 39, 50 isolated from the bark and stem of Tessmannia densiflora and Halorosellinia oceanica, respectively, also showed antimalarial activity ( Figure 9 ). Ceratocystis fimbriata, a fungus, is a source of isocoumarins 40a-40d that are known for their phytotoxic activity on leaves of coffee trees, and also they are responsible for fruit withering with trunk canker in adult coffee trees ( Figure 10 ).
51
Other derivatives of 3,4-dihydroisocoumarin 41a-41b extracted from the fungus Ceratocystis ulmi inhibit the growth of rice seedlings and lesions on the leaves of pear trees ( Figure 10 ). Mutation is a variation in the fundamental coding series of the hereditary material, which in most plants and animals is DNA, but in a few viruses is RNA. It occurs by new genetic recombinations of nitrogenous bases present in the hereditary material of organisms. Mutations have proved to be fatal and were found to cause various hereditary diseases. There are some other processes that create change in the genotype of an organism but are not referred to as mutations, and these include combinations of chromosomes in the offspring, artificially induced recombinations, or the introduction of new genetic material into an organism.
Paepalantine-9-α -D-glactopyranoside 42, a glucose derivative extracted from Paepalanthus bromelioides, 53 and isocoumarins 43a-43b have been found to exhibit mutagenic effects ( Figure 11 ). Erythocentaurin 46 is isolated from Enicostema hyssopifolium, which is widely distributed in southern Pakistan. This plant is considered medicinally important is and used locally by the indigenous people as a remedy for malaria. In different regions of Pakistan, other species from the same family are used as digestive aids, as stomachic tonics, and for depurative, sedative, and antipyretic effects. Erythocentaurin 46 has also been found to be an active agent against serine proteases such as chymotrypsin and trypsin; these proteases are involved in the destruction of certain fibrous proteins.
57
The derivative of 3,4-dihydroisocoumarin 47 has antileukemic activity ( Figure 13) . 58 Isocoumarins 48a-48b have been found useful for the cure of diseases associated with an abnormality in immunological regularity function or vascularization ( Figure 13 ). 59 3,4-Dihydroisocoumarin 49 has been found as trail pheromone in the hindgut of ants of various species of the genera Formica and Lasius. 60 A number of derivatives of isocoumarins are used as sweetners, 61 e.g., 50 ( Figure 13 This strategy was applied for the synthesis of thunberginol A 63 from 62, known for having miscellaneous biological applications, such as antimicrobial and antiallergic activities (Scheme 4).
Synthesis of isocoumarins via electrophilic cyclization

Yao and Larock
Acid-catalyzed cyclizations of 2-(phenylethynyl)benzoic acid
81−85
Synthesis involving metals/metal ions/transition metal complexes
The literature shows that isocoumarins and 3,4-dihydroisocoumarins have been widely prepared in ways involving metalation at certain positions. Such strategies include lithiation and silylation.
Menashe et al. reported that diphenylacetylene 64 reacts with AcOH 65 in the presence of Ru-catalyst under reflux conditions to afford isocoumarin 66. The mechanism of this transformation is still ambiguous; however, it was observed that the Ru-catalyst plays an important role in this reaction as the reaction does not proceed in the absence of this catalyst (Scheme 5). While o-iodobenzoic acid 67 was reacted with Cu-acetylides to yield 3-benzylidinephthalide 68 instead of the formation of isocoumarin, the same acid upon reaction with phenyl acetylene in the presence of a catalytic amount of Cu(I)-PPh 3 and K 2 CO 3 under microwave atmosphere yielded isocoumarin 69 as a major product (Scheme 6). Marchal et al. 93 carried out Au(I)-catalyzed intramolecular cyclization of esters 84a-84d to various alkylidene lactones 85. The electronic effects of the R group and bulky substituents on the alkyne strongly modify the reactivity. The formation of isocoumarins from the cycloisomerization of o-alkynylbenzoic methyl esters is catalyzed by 10 mol% AuCl in the presence of 2 equivalents of H 2 O. Under these conditions, several lactone rings 85a-85d are formed in 60%-83% yield (Scheme 12). The total synthesis of naturally occurring dihydroisocoumarins such as hydrangenol, phyllodulcin, macrophyllol, and thunberginol G has been accomplished using titanocene(III) chloride (Cp 2 TiCl) as a radical initiator. Ogawa et al. reported a convenient method for the synthesis of isocoumarin derivatives via Ag-mediated intramolecular cyclization of 2-(1-alkynyl)benzoic acids 95. The reaction first involves the formation of nonaflates 94 from 93, followed by their Pd-catalyzed alkynylation, conversion of esters into the corresponding acid 95, and Ag-salt-catalyzed 6-endo-dig cyclization of these acids that afforded isocoumarin 96. The formation of side-product 68 is quite possible in this case due to 5-exo-dig ring closure. Some of the naturally occurring isocoumarin derivatives such as 3-propynylisocoumarin and attemidin were prepared using this strategy (Scheme 15).
COOCH
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Reagent and conditions: a) terminal alkynes; b) NaOH; c) AgI or Ag, DMF. 
Asymmetric synthesis of isocoumarins and 3,4-dihydroisocoumarins
Lewis acids-mediated cyclization
Bihel and coworkers
119 synthesized 5-aza-3,4-dihydroisocoumarin 126 in excellent yields (up to 98%) via 
Synthesis of isocoumarins via tandem Stille coupling
A general route to 3-substituted isocoumarins 129 from 2-iodobenzoic acids 127 was described by Cherry et al. 120 The 
Claisen condensation of homophthalates with formates
The condensation of diethyl homophthalate 141 with methyl formate in the presence of NaOEt affords isocoumarin-4-carboxylic acid 142 at up to 66% yield. The decarboxylation of 142 with phosphoric acid furnishes isocoumarin 143 (Scheme 28). The 6,7-dimethoxyisocoumarin and 5,7-dimethoxyisocoumarin were also prepared by the above procedure. The ethyl 5,6,7-trimethoxyisocoumarin-4-carboxylate was prepared from the corresponding homophthalate and ethyl formate in the presence of KOEt in good yield. 
Claisen condensations of homophthalates with oxalates
The condensation between diethyl homophthalate 144 and diethyl oxalate 145 in the presence of Na in Et 2 O, or better without a solvent, affords triester 146 in good yield (67%). This triester was heated, which yielded diethyl isocoumarin-3,4-dicarboxylate 147. Under different hydrolysis conditions, different products are formed. For example, heating 147 at 68-72
• C for 3 h furnishes ethyl isocoumarin-3-(carboxylic acid)-4-carboxylate 147a, and prolonged heating yields isocoumarin-3-carboxylic acid 147b. Boiling HCl or heating in a sealed tube at 180-190
• C converts 147 to isocoumarin-3-carboxylic acid in 84% yield. 131 These results indicate that the ester at C 3 in 147 is hydrolyzed first but the acid at position 4 is more easily decarboxylated (Scheme 29). 
COOEt
Synthesis via isobenzopyrylium salts
Pyrylium salts play very important roles in organic synthesis as they are useful intermediates for the synthesis of many heterocyclic nuclei and have also been used for the synthesis of different derivatives of isocoumarins. The alkyne 159 was prepared by modified Sonogashira procedure from o-iodobenzoic ester. These esters undergo quantitative cyclization in the presence of strong acids such as HBF 4 and TfOH to give salt 161 via 160, which are unstable. The slow hydrolysis of the tetrafluoroborate salts 161 at room temperature yielded the isocoumarin 162 (Scheme 34). 
Synthesis of naturally occurring isocoumarin derivatives
The synthesis of a number of naturally occurring isocoumarins is available in literature; for example, Qadeer et al. reported the synthesis of thunberginol B 22 by the coupling of 3,5-dimethoxy homophthalic acid 167 with 3,4-dimethoxybenzoic acid followed by the demethylation of the intermediate. 
Conclusion
The isocoumarin and 3,4-dihydroisocoumarins ring system is found in nature with a wide spectrum of biological activities, ranging from antibacterial to anticancer. Based on this review, it can be concluded that due to distinctive pharmacological significance of these motifs, much research has been done and still going on towards the development and synthesis of their derivatives.
